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ABSTRACT

Simultaneous measurements of compressional and shear wave speeds through
polycrystalline methane hydrate have beeade. Methane hydrategrown directly in a wave
speed measurement chamber, was uniaxially compactethtd porosity below 2%. At 277 K,
the compacted material’s compressional wave speed wastI@b@/s. The shear wave speed,
measured simultaneously, was 18&D m/s. Fronthese wave speadeasurements, weerive
Vp/Vs, Poisson’s Ratio, bulk, shear and Young’'s moduli.

INTRODUCTION

Clathratehydrates of naturagjasesare nonstoichiometric crystallingolids in which a
hydrogen-bonded watdattice isstabilized by individuatguest” molecules encaged interstitial
cavities. Of particular interest is methane (CHydrate, a structure | hydrate with a ucel
composed of 46vater molecules with 8avities availabldéor guest molecul®ccupation (ideally
CH,4-5.75H0). Current estimates of GHydrate distributions suggest vast reservexist in the
shallow geosphere (Kvenvolddn Holbrooket al. 2), and their high Clicontenthaslead to the
promotion of hydrates as a potential energy resource. IOtabzed scale, drillingoperations can
destabilize hydrate-rich sediments, causing sedic@ta@pse and well bore failures. Hydrate can
also breakdown naturally on larger scales, triggerimgassive submarine landslidédsat can
displace nearly 4000 khof material, jeopardizing waste-site integrity, cables and sthiemarine
structures (Kvenvoldeh, CampbelB, Dillon et al. 4, Hag5, Mienertet al. 6). Additionally, the
effectiveness of ClHas a greenhouse gas suggésgtirate stability influencesur global climate
(Kvenvoldenl, Hag5, Thorpeet al. 7).

Hydrate studies focused on resource management, hazard mitigatiimade change all
require accurate physical property values, which have proven difficult to measure ftwy@idte.
There is noconsensus irthe few published measurements, antbst CH, hydrate property
estimatesare based onthe behavior of analog materials.Here we describe laboratory
measurements of compressional and shear wave spge@dsdVs) throughwell-characterized
CH, hydrate grown directly in a wave speed measurement charRb@m our simultaneous Vp
and Vs measurements, and by assuming our samples are homogeneous and isotiepive &e

suite of physical properties for dense, polycrystalling Bydirate.



EXPERIMENTAL METHOD

Sample Preparation

CH,4 hydrate samples were produced in a custom-built cylindrical pressure vessel (Fig. 1A)
by slowly heating granular @ ice in a pressurized Gratmosphere, as described by Stetrial
(8). Iceused to seed thieactionwas grown fromtriply distilled water,ground and sieved to
obtain a180-250 pmgrain size distribution. The resultant CHydrate is polycrystalline, with
random grain orientation, and approximately 28% porosity.

Following synthesis, samplese uniaxially compacted to reduce fi@osity below 2%.
We estimated the final hydrate poroditgm the samplelengthmeasured during compaction and
the known mass dte used to seethe experiment. Hydrate extruded during compaction drives
our calculated porosity lower than the actual porosity, but we cannot seal the sample chamber prior
to compaction because ¢gas must be allowed in for hydrate synthesis to occurbalace our
synthesis and compaction requirements, datscut in thesample’sTeflon jacket. Thesslots
extend 5 mm pagshe compactiormpiston intothe sample, allowing gamto the sample chamber
during synthesis.Rapid piston displacement duritige initial stage of compaction blocks these

slots off, minimizing hydrate extrusion during the remaining ~10 mm of compaction.

Wave Speed Measurement

Both pressure vessel pistons house a 1 MEater-frequency piezo-electric transducer
(either P- or Swave) used for pulse-transmission wave speed measurements (Fig. 1B). The
transducer remains at atmospheric pressure sapgorts none othe compressionalloading
during compaction. An HP Model 214A pulgenerator driveghe source transducer in the
compaction piston, and an HP Model 46&plifier booststhe signaldetected by thé&ransducer
in the fixed piston. The signal is displayed on a Tektrdms-3400scilloscope and recorded by
a computer runnindNational Instrument’s LabView™ data acquisitiorand display software.
Shear and/or compressional wave speed measurements, taken thrthglvontpactiomprocess,

are given by the ratio of sample length to the waveform’s time of flight through the sample.



The samplelength is calculatedrom the known dimensions othe pressure vessel and
measured position of the compaction piston relative to the pressure VvEssélCP continuously
monitors piston position changemd periodianeasurements dhe absolutgiston position are
made with a depth micrometer to check the LCP results and tegibamplelength. Differences
between the LCP and depth micrometer results are less than 0.5% of the compacted sample length.

Four methodsare used to measurée signal’s travel time throughthe sample. For
compacted samples, crosarrelation, Hilbert envelope, phase spectral analysis andcaessing
pick results differ bylessthan1.5%, ourstated velocity uncertainty Agreement betweethese
different procedures, whichtilize different aspects of theneasured waveform testimate the
signal traveltime, suggest ourraveltime estimatesre independent of the theory lmhich they
are obtained.

RESULTS

To test the validity obur measurement methods, we performemrarol experiment on
pure, polycrystalline KD icecompacted under vacuum at 260 K amdaxial load of 40MPa.
The recovered yD ice sample was translucent, indicating the sampleneady fully dense, with
a final porosity below 1%. Our method reproduces published wave speed results wisicatttre
of individual studies (Table 1).

Low noiselevels inour ice and ourhydrate experiments allow us tmambiguouslypick
arrival times for the precursor P-wave event generated by the S-wave transducer (Fig. @st In a
using the precursagvent, the calculatecbompressional wave speed through a compauyddate
sample wagndistinguishablefrom that observed usinghe dedicated®-wave transducers on a
separatsample. This agreemehbetween results obtainading different compressional wave
sources onseparatesamples demonstratethe repeatability ofour hydrate synthesis and
compaction procedure and shows the S-wave transducer can be used torpliabldeP-and S-
wave speed measurements simultaneously.

To draw meaningful conclusions fromave speed comparisobstweenour results and
thosealreadypublished, it is important teharacterizeour samples asompletely as possible.
When forming hydrate from small ice grains warmed in a pressurized methane atmosphere (Stern
et al.8), it is possible that a portion of the seed ice will melt ratherfitvan hydrate. Fortunately,

there are several indications of incomplete reaction measurable while the sample symthasis



chamber. Pressure and temperature (PT) effects are descramdililby Sternet al. (8, 12). In

the absence of observable PT effects, x-ray analysis of recovered samples synthesized according to
their recipeshow <3%ice (Sternet al 8), some of which mayave formed duringthe x-ray

analysis.

No PT effectdrom incomplete reactiomvere observed during our reported experiments.
Though we performed no x-ray analyses on compastedplesthe wave speed measurement
itself provides a direct indicator of unreacted material in the sample chamber. Prioreéparted
wave speed measurements, our samples are held at 277 K for a minimum of 24 hours. If present,
unreacted LD would beliquid, tending to loweour wave speed resultslative to that expected
for pure hydrate. Thisinreacted watewould transform tdce as thecompacted sample cools
from 277 K to 250 K following our experiment, causing a wave speed increase. Nnmgeese
was observed, meaning uhreacted materiavas present in our experiments, our wave speed
measurements were not sensitive enough taffieeted. For thesereasons, wéelieveour wave
speed results to be representative of polycrystallingh@tiate.

There arevery few published compressional wave speed measurements fdnyGiate,
and no shear wave experiments are available for comparison (Table 2). Briefly, Wi@)llend
Pearsoret al (14) derivecompressional wave speeds for Jtydrate relative to that afe (1h)
from differences between several mechanical d@hdrmodynamic parameters fdhe two
materials. Shpakost al’s (15) estimate is based atasticmoduli derivedfrom lattice dynamics
investigations of Cklhydrate.

On the experimentaide,the Site570 down-hole log result (Mathewet al 16) comes
from in situ measurements made on DSDP leg 84 after drilling through a three to fourthiokter
hydrate layer. A meter-long core section recovérenh this intervalwas a solidhydratemass,
largely free of sediment. Brillouin spectroscopy measurements (Whkiftenl 7, Kiefteet al 18)
look atthe frequency of laser light scatteré@m thermally inducedelastic waves in aclear
sample. Producing eear CH, hydratesample idifficult. As Kiefte et al (18) explain, though
they successfully acquired scattered light spectradweeral other structure | and Il hydrates, only
two weak spectra were obtained for gtydrate. They suggest their weak spectra may &iem
the insufficient penetration of focused laser light into their sample.

DISCUSSION



By assuming our samplese homogeneous and isotropic, \wwan use our simultaneous
Vp and Vs measurements to derive additional physical properties. Physical properties for both our
ice and hydrate resultare compared with published estimates for Liitydrate in Table 3. To
obtain our adiabatic moduli values, we used a density ofj/&@Xor ice (Shaw11), and .90g/cc
for our CH, hydrate, which weassume tdiave a stoichiometry of C#6H20. To obtain our
isothermal moduli, we usdahear expansion coefficients &2x10° K™ for ice (Whalley 19) and
88x10° K for CH, hydrate (Kiefteet al 18). For specific heat at constant pressure, we used 2.09
J/g*K for ice (Giauguest al. 20), and 2.07 J/g*K for Clhydrate (Hand21l).

CONCLUSION

Differences betweemur results, based oactual measurements of CHhydrate, and
published estimates underscore the importance of making physical property measuleattiyts
on well characterized CHhydrate. Accurate physical property valas essentialor planning
viable strategies to manage £iydrate as a global resource and address the challenges it presents.
The synthesis procedurdeveloped by Steret al (8) provides a promising foundation for
extending the current description of £hiydrate, and should be consideredha implementation
of future thermal and mechanical property measurements on pyrey@idte or mixtures of CH
hydrate with sediment.
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Figure 1. (A) Pressure vessel schematieolycrystalline methane hydrate is synthesideelctly
in the sample chamberthen uniaxially compacteth situ. Wave speed measurements are
completed without handling the methane hydrateothierwise removing it fronthe hydrate

stability field. Thesamplelength ismonitored using dinear conductive plasti€LCP). (B)
Transducer assembly schematic. Using a 1 MHz center frequency S- or P-wave transducer, shear

and/or compressional wave speed measurements can be made throughout the compaction process.
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Figure 2. Measured waveforms produced by an S-wave transdAgérheg shear wave signal,
arriving near 3Qus, is preceded by a precursor P-wave arriving just afteisiB). Low system

noise allows use of both waveforms to obtain simultaneous shear and compressional wave speeds.
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Table 1. Comparison of compressional (Vpnhd sheafVs) wave speed measurements of
polycrystalline HO ice (Ih). The wave speeds reported ‘fithis Study” were measured at 260
K after releasing the uniaxial load. The excellagteement of these values witie known

properties of HO ice (Ih) demonstrateghe reliability of our experimental apparatus and

procedure.
Author Measurement Vp (m/s) Vs (m/s)
THIS STUDY Pulse-Transmission 3900 £ 40 1970 + 20
Gagnon 9) Brillouin Spectroscopy 3914 1995
Smithet al.(10) Pulse-Echo 3940 1990
Shaw (1) Pulse-Transmission 3890 1900
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Table 2. Comparison of Vp and Vs wave speed measurements throyglgdthte. Sample
compaction reported iffiThis Study” wasconducted aR77 K, with 10 MPa CH pore
pressure and aniaxial load approachin§00 MPa. The finalsample porosity was lesisan
2%. By assuming our samples are homogeneous and isotroptenwse our simultaneous
measurements of Vp and Vs to derive additional elastic parameters (See Table 3).

Author Measurement Vp (m/s) Vs (m/s)
THIS STUDY Pulse-Transmission 3650 £50 1890 + 30
Pearsoret al (14) Theory 37307 —
Whalley (L3) Theory 3660° —
Mathewset al.(16) DSDP Site 570 Log 3600 —

Whiffen et al. (17);
Kiefte et al (18)
Shpakowet al (15) Theory 2500 —

Brillouin Spectroscopy 3400 —

4Vp should be considered a lower bound for this reference. The reported velocityfolimbs
3730 m/s to 3780 m/s dke cage occupancgrops from 100 to 80%. Weelieve our
occupancy rate to be above 90%.

® Obtained from Whalley'sl8) conclusion that Vp for CjHhydrate is0.939that of ice, taken
from Table 1 to be 3900 m/s.
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Table 3. Comparison otlasticproperty values of polycrystalline B ice, polycrystalline
CH, hydrate, and published estimates for Gtydrate. None othe prior elasticproperty
estimates for Clihydrate were measured on structure | hydrate (see footnotes).

H,O Ice CH, Hydrate  Prior Estimates

Propert
bery THIS THIS WORK for CH, Hydrate
WORK
Vp/Vs 1.98 £ 0.02 1.93 +0.01 1.952
Poisson’s Ratio 0.33+0.01 0.317 £ 0.006 0.33"
Shear Modulus (GPa) 3.6+0.1 3.2+0.1 2.4¢
Adiabatic Bulk a
Modulus (GPa) 9.2+0.2 7.7 +0.2 5.6
Isothermal Bulk
Modulus (GPa) 9.0+0.3 7.1+0.3 —_
Adiabatic Young’s L
Modulus (GPa) 95+0.2 8.5+0.2
Isothermal Young'’s 91+03 28+03 WL

Modulus (GPa)

®These values, from Pandit and Kir&g), were measured on structure |l propagdrate but
are cited elsewhere as estimates of structure | hydrate.

® These estimates by Davids@8) are based on the theoretical work of Whalli8) (



